X-ray free-electron lasers (XFELs) provide intense ($10 12 photons per pulse) coherent X-rays with ultra-short ($10 À14 s) pulse lengths. X-rays of such an unprecedented nature have introduced new means of atomic scale structural investigations, and discoveries are still ongoing. Effective use of XFELs would be further accelerated on a highly adaptable platform where most of the new experiments can be realized. Introduced here is the multiple-application X-ray imaging chamber (MAXIC), which is able to carry out various single-pulse diffraction experiments including single-shot imaging, nanocrystallographic data acquisition and ultra-fast pump-probe scattering for specimens in solid, liquid and gas phases. The MAXIC established at the SPring-8 å ngströ m compact freeelectron laser (SACLA) has demonstrated successful applications in the aforementioned experiments, but is not limited to them. Also introduced are recent experiments on single-shot diffraction imaging of Au nanoparticles and serial crystallographic data collection of lysozyme crystals at SACLA.
Multiple application X-ray imaging chamber for single-shot diffraction experiments with femtosecond X-ray laser pulses Changyong 
Introduction
The insight of Max von Laue in 1912 to propose the diffraction of X-rays by regularly arranged atoms in crystals gave birth to X-ray crystallography. Since then, the invention of new X-ray measurement techniques has been incessant, making it one of the most reliable structural probes at the atomic scale (Hendrickson, 2013) . The desire to acquire signals from ever smaller samples, to distinguish subtle structural differences, to unveil the structures of noncrystalline specimens, to observe transient features etc. has prompted the new development of advanced X-ray sources. The advent of the X-ray free-electron laser (XFEL) provides new X-rays of an unprecedented nature allowing greater innovation. XFELs provide femtosecond (fs) X-ray pulses containing $10 12 photons of near-complete spatial coherence (Ackermann et al., 2007; Vartanyants et al., 2011) . These intense coherent X-rays enable us to acquire diffraction patterns from small crystals or macromolecular complexes of sizes ranging from submicrometre scales to several micrometres (Chapman et al., 2011; Seibert et al., 2011; Boutet et al., 2012) . The intense radiation damages samples irreversibly, but the X-rays in a femtosecond pulse escape the samples before the damage process starts to appear (Neutze et al., 2000; Gaffney & Chapman, 2007; Park et al., 2012; Barty et al., 2012) . This enables the recording of snapshot diffraction patterns from samples in an almost damage-free condition, insofar as new samples are supplied for every new X-ray pulse. Supported by the unique characteristics of XFELs, the past couple of years have seen the introduction of various new experiments such as serial femtosecond protein crystallography, single-shot diffraction imaging etc., which could significantly reduce the limitation of preparing sizeable protein crystals, or make an important step toward single molecular imaging (Miao et al., 2001; Barty et al., 2013) .
The emergence of these new measurement techniques and scientific discoveries has stimulated strong interest in XFELs (Kern et Young et al., 2010) . However, given the current limited availability of facilities, it is essential to establish highly adaptable multi-functional apparatus that can both conveniently accommodate various new experiments and reliably perform frequently sought-after experiments such as SFX, single-shot imaging etc. We have developed the multipleapplication X-ray imaging chamber (MAXIC) as a generic platform to carry out various single-shot coherent diffraction experiments at the SPring-8 å ngströ m compact free-electron laser (SACLA). This article introduces the MAXIC with technical details, and gives several experimental results obtained using the MAXIC at SACLA.
MAXIC
With a primary interest in maximizing adaptability, the MAXIC was designed to provide a common platform to carry out various XFEL single-shot experiments spanning coherent diffraction and scattering of specimens in solid, liquid and gas phases. The diffraction chamber was designed with an emphasis on single-particle diffraction imaging and nanocrystallography, but it is not limited to these applications. Unlike synchrotrons, where X-rays are generated continuously with tractable stability in their characteristics, XFELs display pulse-to-pulse variations of intensity, position and spectra, at least in the current XFELs, attributed to the SASE (self-amplified spontaneous emission) mechanism employed for the lasing (McNeil & Thompson, 2010; Inubushi et al., 2012; Saldin et al., 1999) . We have developed the MAXIC with various beam-position monitoring schemes, to perform reliably experiments using ultra-short pulsed X-rays, with details as described in the following.
2.1. Instrumentation 2.1.1. Essential components and design details. The basic components of the MAXIC include multiple sets of four-way cross slits, precision sample manipulation stages, long working distance microscopes, a beam monitoring cross wire and a Ce:YAG (yttrium aluminium garnet) fluorescence screen, as shown in Fig. 1 . Overall, the MAXIC, shown in Fig. 1(a) , was designed to be compact and compatible with various beamline optical components, namely the focusing mirror, high-power optical laser and various installation configurations of the inhouse CCD detector, while maintaining the stability and precise manipulation of the whole chamber.
The sample stage, shown in Fig. 1(b) , consists of 70 mm long-stroke XY linear translation stages (Kohzu Co., Japan) as the basic unit. The Ce:YAG screen with a 50 mm gold cross wire, shown in the inset of Fig. 1(b) , is mounted on the sample stage at the same position along the beam (Z) direction. The unit is used for intermittent characterization of the focused XFEL pulses on the sample position. The sample stage is positioned to the nominal focal point, guided by an alignment laser and using the reference spot marked permanently on the experiment floor, to an accuracy of better than several millimetres. The position is then more precisely aligned by performing knife-edge scans using the cross wire. The gold cross wire stage, shown in Fig. 1(b) , is mounted on the same plane (Z axis) as the sample stage. The Kirkpatrick-Baez (K-B) mirrors are first tuned to achieve the best focusing, as confirmed by cross wire scans. With the best focus verified by the cross wire, it is then automatically assured that the sample stage is in the focal spot. Given the fluctuation in intensity of the incoming X-rays, we usually accumulate ten shots at one motor position to acquire the focused X-ray beam profile reliably. The intensity fluctuation over a ten-shot accumulation is less than 15%. The Ce:YAG screen is also used to locate the XFEL beam promptly but with poor positional accuracy.
The sample stage can handle samples both mounted on a membrane and delivered by a particle injector, the detail of which will be described in the sample delivery section. The adapter mounting plates are only changed to convert swiftly from membrane to injector or vice versa. Shown in Fig. 1(b) is the sample stage, with the sample holder containing two 25 mm square Si 3 N 4 membranes (Silson Ltd, UK), with a zoomed view inset.
The four-way cross slits, shown in Fig. 1 (c), are employed mainly to block the diffraction fringes generated by the pair of K-B focusing mirrors installed $1.5 m upstream of the sample position. Slits are also essential to filter out any parasitic scattering contaminating the signal from the samples. The slit blades are made of 700 mm-thick Si with a bevel-cut and micro-polished edge. The blades are usually replaced after each couple of weeks of use with X-rays, because of the accumulation of dust or damage arising from exposure to the intense X-rays. Each slit blade is attached to the motion stage through an adapter plate, from which they can be easily exchanged. Custom-designed small-motion stages (Kohzu Co., Japan) are used to drive the slits from complete closure to an 8 mm aperture, and each set of four-way slits is mounted on rough XY stages to position their centre on the X-ray beam. We have often used two sets of four-way cross slits, one within a few centimetres of the sample and the other further upstream, $30 cm.
The long working distance microscopes are used to monitor sample alignment to the XFEL beam position. The microscope (UWZ400F, Union Optical Co. Ltd, Japan) provides a 400 mm working distance with a maximum optical magnification of 4.78Â at a zoom ratio of 14. Individual samples cannot be resolved to greater than a maximum resolution of 6.7 mm, but the location of each membrane window with respect to the X-ray focal spot can be monitored. One microscope is installed on the roof of the diffraction chamber to view the samples from upstream and in-line with the XFEL beam direction, using a reflection mirror installed between the first and second four-way slits inside the MAXIC. The reflection mirror has a 2 mm-diameter hole to allow the X-rays to pass through. Another microscope, of the same technical specification, is installed downstream at a viewing angle of 45 to provide views of samples facing the detector. When carrying out experiments, we reference the X-ray position by exposing it to the Si 3 N 4 frame to leave a scar on the surface, and mark this position on the screen of the microscope. The sample window or liquid jet injector is aligned referenced to this position.
Several open ports with standard ICFs exist for the convenient attachment of components such as the liquid injector flange (ICF152), XYZ stages for the gas-jet injector (ICF152), sample manipulators, a sapphire view port for highpower optical laser incidence etc. The port for the detector is designed to allow direct connection of the octal-sensor multiport CCD (MPCCD) short working distance (SWD) detector, shown in Fig. 1(d) . With this configuration, the minimum sample-to-detector distance is 6 cm, corresponding to the maximum numerical aperture of 0.78 at the corner of the detector.
Installation layout of MAXIC at SACLA in EH3 on
BL3. Experiments contingent on 1 mm-diameter focused X-rays are commonly carried out at the third experimental hutch (EH3) of beamline 3 (BL3). Technical details of BL3 at SACLA can be found elsewhere , and in this article we focus on describing the MAXIC installation layout at EH3. The MAXIC is designed to be compatible with the 1 mm focusing K-B mirrors, with a focal length of 1.55 m from the centre of the second mirror, permanently stationed at EH3 . Typical installation layouts of the MAXIC with the MPCCD(s) are shown in Fig. 2 as a guide to the spatial arrangement of the components. The detectors can be installed at an adjustable distance from the sample. For the SWD detector mounted directly on the MAXIC, a fixed distance of 6 cm is maintained. During normal usage, the MPCCD can be installed with a distance range from 80 to 270 cm in EH3. If a longer detector distance is required, it can also be installed in the next experimental hutch, EH4, extending the distance to several metres. Changing the detector distance during the experiment takes 3-4 h owing to the multiple procedures involved: warmup of the CCD chip, venting, re-installation, vacuum, cooling, alignment etc.
X-rays are delivered to the experimental hutches by doubleplane mirrors within the optics hutch . Four-way cross slits in the second experimental hutch (EH2) limit the distribution of X-rays impinging upon the K-B mirrors. The opening size and position are adjusted to fit the aperture of the K-B mirrors (0.6 Â 0.6 mm). Two retractable screen-monitor modules are positioned before and after the K-B mirrors. Each module has an Si PIN photodiode, a fluorescent diamond screen, and a Ce:YAG screen to monitor X-ray intensity and beam profile. The X-rays are introduced into the MAXIC through a 60 mm-thick Be window. Be plates installed at the beamline were thoroughly inspected using X-rays to select only those that were of the highest purity and homogeneity, to ensure transmission of X-rays without significantly disturbing the coherent wavefront (Goto et al., 2007 (Goto et al., , 2011 . The Be window is retractable and mounted on a gate valve at the upstream end of the MAXIC. Another gate valve at the downstream end of the MAXIC allows sample exchange without venting the detector sections. A retractable screen monitor is also installed in front of each MPCCD. The photon flux of incident X-rays can be attenuated with Si filters in the optics hutch (OH) and Al filters in EH2.
Single-particle delivery in MAXIC
A supply of fresh samples is essential in single-shot diffraction experiments, as the samples are destroyed after being exposed to the focused XFEL pulses. Here we introduce three types of sample-delivery schemes available with the MAXIC.
2.2.1. Fixed targets using thin membranes. Conveniently termed 'fixed target' experiments, each XFEL pulse hits specimens that are randomly positioned and stably mounted on Si 3 N 4 membranes. This resembles the sample-mounting scheme frequently used for coherent diffraction imaging experiments at synchrotron facilities, especially in the transmission geometry (Miao et al., 1999 (Miao et al., , 2011 Song et al., 2008) . As the focused full-power XFEL pulses are apt to destroy both the sample and the membrane, X-ray exposure at a particular sample position is limited to a single shot and exposures are continued by scanning across new membrane windows. Custom-designed Si 3 N 4 membranes (Silson Ltd, UK) with a 36 Â 36 multi-window array are often used for these experiments, as shown in Fig. 3(a) . The multiple-window membrane significantly reduces the interruption of experiments caused by re-mounting new samples. We have observed that 50 nm or thicker Si 3 N 4 windows tend to withstand the XFEL shots, with only small burned holes being left at the points of XFEL exposure, as shown in Fig. 3 prevent the rupture of the whole window. The scans are currently performed at a rate of a few Hz, and development is ongoing to improve this to a few tens of Hz. One membrane with a 36 Â 36 array of windows can cover 1 296 000 (36 Â 36 Â 10 Â 10) shots with 10 Â 10 exposures for each 200 Â 200 mm window. Two, or four, such membranes can be mounted simultaneously, increasing the interval between sample exchanges to several hours.
A liquid drop, containing samples suspended in a liquid such as distilled water or ethanol, is placed on the membrane, and the samples remain firmly attached in random positions on the window after the liquid has dried. As the sample positions cannot be controlled precisely, the number of sample hits by XFEL pulses, the 'hit rate', becomes stochastic. An optimal condition for single-shot experiments was investigated through Monte Carlo simulations to ensure that the maximum hit rate stays below 40% for single-particle diffraction . This fixed-target scheme is more suitable for experiments with a limited number of samples, as the sample loading can be controlled. The samples are often dehydrated, unless extra precautions are taken. For instance, by enclosing the samples using another membrane, they can be preserved in suspension, as demonstrated recently by imaging fully hydrated biological specimens using synchrotron X-rays (Nam et al., 2013) .
2.2.2. Flexible liquid jet injector. The custom-developed flexible liquid jet injector is displayed in Fig. 3(b) , adapting the gas-focusing nozzle (Weierstall et al., 2012) . The gas-focusing liquid jet nozzle plays an essential role in generating liquid beams of variable diameter. The most significant advantage is the achievment of a smaller diameter liquid beam with reduced sample clogging inside the nozzle. We developed the injector using fluorinated ethylene propylene cables and polyether ether ketone fittings, avoiding rigid components such as stainless steel, to enhance greatly the flexibility of the whole device. With this design, the injector nozzle is easily manipulated using the sample stage inside the MAXIC, allowing precise alignment. The injection of samples in suspension and the supply of the focusing gas are achieved via feed-throughs made on a standard ICF (Fig. 3b) . Naturally, simultaneous injection of more than one suspension can also be performed, to allow the influx of extra chemicals of interest in addition to the sample suspension.
The diameter of the liquid beam can be adjusted to between 3 and 30 mm by tuning the liquid flow rate. A typical flow rate for a 3 mm liquid beam is 20 ml min
À1
. The maximum singleparticle hit rate is achieved with a sample number density of $10 11 particles ml À1 when using a 3 mm liquid beam and 1 mm diameter X-ray beam. Lower sample concentrations can be used with a similar hit rate by increasing the liquid beam diameter . The liquid injector is compatible with various protein buffers such as 2-(N-morpholino)-ethanesulfonic acid and phosphate-buffered saline at normal concentrations. For more viscous solutions such as glycerol and PEG 550 (PEG is polyethylene glycol), the 3 mm liquid beam could be generated consistently as concentrations were increased up to 20 and 25%, respectively. In the case of high salt concentrations, up to 200 mM NaCl was well tolerated but greater than 500 mM completely blocked the injector.
Samples in buffer solution are loaded into a borosilicate glass Superloop (GE Healthcare, USA), similar to those used in standard automated protein purification protocols, to be injected into the nozzle by a high-performance liquid chromatography (HPLC) pump (Shimadzu Co., Japan). The HPLC pump passes purified water into the lower portion of the Superloop, causing a moveable seal to rise up the sample loop and forcing the sample solution towards the injector nozzle. This indirect approach prevents the clogging of sample solutions within the HPLC pump nozzle. The sample syringe is mounted on a custom-designed shaker, rotating more than 270 to flip the sample contents upside down regularly. This avoids sedimentation of specimens within the syringe (Lomb et al., 2012) .
The liquid jet injector is best applied to specimens favouring a liquid environment, and has shown good application in serial femtosecond protein crystallography (SFX) experiments. The parasitic X-ray scattering from the liquid beam is not negligible in the forward scattering direction, which has to be well accounted for in single-particle imaging in the transmission geometry, though its influence is greatly diminished in wideangle diffraction experiments such as SFX.
2.2.3. Gas-phase (aerosol) injector. A gas-phase (aerosol) particle injector delivers single particles to X-rays through focused particle beams (Bogan et al., 2010 (Bogan et al., , 2008 . Samples that have been dispersed in a suspension are delivered to the inlet of the aerosol injector via a variety of methods, such as an electrospray aerosol generator (TSI, USA) or a nebulizer (Mira Mist, Burgener Research Inc., USA). Droplets of sample-containing suspensions evaporate rapidly inside the aerosol injector to leave behind samples free of buffer solution. This process can result in the aggregation of several particles (Cho et al., 2007) or encapsulation of samples within remnant chemicals in the buffer, such as salts. An aerodynamic lens (ADL) stack, the key part of the aerosol injector, focuses the stream of samples. The ADL consists of a series of stacked circular apertures of different sizes to focus the particle flow by mass inertia, led by the pressure difference between inlet and outlet (Wang & McMurry, 2006) .
The ADL for the MAXIC was manufactured to a custom specification (Shoreline Science Research, Japan). The whole aerosol injector is assembled as one rigid unit, and the alignment of the injector focal spot to the XFEL pulses is facilitated using an XYZ motion stage installed on the flange port, interchangeable with the liquid injector flange. We have developed the aerosol injector to focus a stream of samples into a particle beam of less than 100 mm in diameter for samples of 30-500 nm in size, as shown in Fig. 3(c) . Further characterization of the injector is currently in progress.
The gas-phase injector, whilst not free of challenges, provides a noise-free sample delivery scheme, as none of the sample delivery medium comes into contact with the X-rays, which is an advantage for weak contrast specimens or with soft X-rays where the absorption by a thin membrane is considerable. This aerosol injector can be applied to X-ray scattering research papers from molecules in the gas phase, for instance ultra-fast pumpprobe scattering of small molecules.
X-ray detector and SACLA data acquisition
The MPCCD sensors record single-shot diffraction patterns. The details of the detector as a stand-alone piece of apparatus available for various SACLA experiments, not only limited to the MAXIC, can be found elsewhere (Hatsui, 2014; RIKEN, 2013) . Here, we will describe only the technical essentials directly related to single-shot diffraction experiments, with the intent of keeping the article self-contained.
One sensor unit of the MPCCD has a 512 Â 1024 pixel array consisting of 50 Â 50 mm square pixels. Each sensor has eight quasi-differential analogue output ports operating at a maximum pixel readout rate of 5.4 MHz, which corresponds to a frame rate of 60 Hz. A two-phase CCD clocking structure is produced on 50 mm-thick epitaxial silicon, where the X-rays are detected. The quantum efficiency of the present MPCCD is shown in Fig. 4 . The quantum efficiency for X-ray photons at 5.5 keV is $85%, dropping to $30% at 10 keV, as shown in Fig. 4 . The sensor is packaged for front illumination and cooled by a thermal electric cooler. In the current implementation of the MAXIC, the MPCCD sensors are operated at a pixel rate of 3.3 MHz, corresponding to 30 frames s À1 . In this operation mode, the full well capacity ranges between 3.5 and 5.0 Â 10 6 e À , depending on signal patterns. The CCD count can be converted to the number of photons n ph by
where S ADU is the number of CCD counts (ADU denotes analog-to-digital unit), G the is system gain value, " el-h is the band-gap energy of 3.65 eV required to generate an electronhole pair for Si, E X-ray is the X-ray energy and QE is the quantum efficiency of the detector. The system gain values are usually around 18 e À per ADU. The calibrated values for the sensors are stored within the data file recorded for a particular exposure. The r.m.s. readout noise typically ranges between 200 and 300 e À . In the case of 6 keV photons, the peak signal is $2100-3000 photons, with the system noise between 0.12 and 0.18 photons r.m.s.
By assembling eight sensors, the octal-sensor detector is built to give a total array size of 2048 Â 2048 pixels in a 102 Â 102 mm detection area. The assembly is configured to have a central square aperture of variable size, from a 9 mm square opening to full closure. The assembly of sensors leaves overhanging boundaries in the form of 150 or 300 mm blank strips. The detector is connected to the MAXIC to allow direct XFEL pulses to pass through the central aperture. A replaceable optical blocking filter, with a 5 mm-diameter hole at the centre made of Al-coated (100 nm) polyimide (0.05 mm), is placed in front of the sensors. The film protects the sensors from stray debris or buffer liquid from the liquid injector. When carrying out single-shot diffraction imaging experiments, we usually install two MPCCDs in a tandem geometry: the octal-sensor detector in the front and a dualsensor detector at the far end. The far-end detector records the central portion of the speckle pattern that passes through the aperture of the front detector. There is a set of X-ray attenuators made of Al, of variable thickness, placed between the front and rear detectors. This helps to record diffraction patterns with an effectively enhanced dynamic range by compositing the two speckle patterns after scaling the intensity, compensating for the attenuation. The far-end dualsensor detector, a 1024 Â 1024 pixel array, is used with a bevelcut and micro-polished beam stopper made of tungsten.
The short working distance (SWD) detector, shown in Fig. 1(d) , is available for high-resolution diffraction experiments, e.g. crystallography. The SWD detector, which also has eight sensors, has a polished Be entrance window 500 mm in thickness that separates the sensor vacuum from the MAXIC. The differential vacuum allows applications where samples should be kept under ambient pressure. The SWD detector can be directly attached to the MPCCD to give a 6 cm sampleto-detector distance with a maximum numerical aperture of 0.78 at the corner of the detector.
All the diffraction patterns recorded on the detectors are saved to the SACLA cache storage system with a tag number assigned sequentially as an identifier for each XFEL pulse (Yamaga et al., 2011) . These data are transferred to the SACLA high-performance computer system and converted into HDF5 format for data analysis by end users. The status of the accelerator and undulator, and beam diagnostics such as The quantum efficiency of the MPCCD, showing the maximum efficiency of $90% around 4.5 keV. pulse intensity, photon energy etc., are stored in the run-data format (Kudo et al., 2012) .
A dedicated XFEL pulse selector, synchronized to the X-ray pulse generation, is available to enable manipulation of XFEL pulses delivered to the sample (Kudo et al., 2009) . Various modes of data acquisition can be facilitated using the pulse selector, such as continuous single-shot exposures, with all pulses passing through to the samples; intermittent exposure by opening the shutter only when needed; synchronized exposure for pump-probe diffraction with an ultra-fast highpower optical laser etc. The open or closed status of the pulse selector for each XFEL pulse can also be read by the run-data format.
Applications
The MAXIC accommodates various single-pulse diffraction experiments on specimens in the solid, liquid or gas phase. No spectroscopy probe is available currently, but its implementation could be readily accommodated if needed. The MAXIC is operational from a high vacuum of 10 À4 Pa to ambient pressure, and also at He ambiance. Here, we introduce three prototypical experiments performed using the MAXIC at SACLA.
Single-shot diffraction imaging
Single-shot coherent diffraction imaging experiments using 1.5 mm-diameter focused XFEL pulses have been carried out with the MAXIC. We have imaged Au nanoparticles 100 nm in diameter using single shots, with the X-ray wavelength fixed at 2.25 Å (5.5 keV) and a pulse energy of about 80 mJ directly in front of the K-B mirrors, representing the energy at the sample position also. A pair of flat mirrors in the upstream optical hutch was employed to filter out harmonic contamination. About 60% of the total flux was lost for each XFEL pulse, with 80 mJ at the sample position compared with a pulse energy of $220 mJ further upstream, mainly as a result of the limited aperture of the focusing mirror compared with the incident beam size.
Samples, as fixed targets, were mounted on a 100 nm-thick 36 Â 36 window array of Si 3 N 4 membranes. The size of each window is 200 Â 200 mm. Samples were first suspended in ethanol to the desired concentration, and then drops of suspension with nanoparticles were placed on the membrane and air-dried to leave only Au nanoparticles, deposited in random positions. The membrane windows were aligned to the XFEL beam position using the long distance optical microscope. Single-shot speckle patterns were obtained by scanning the window at regular intervals of 15 mm. A single-shot speckle pattern from an Au nanoparticle is shown in Fig. 5(a) , with the diffraction signal extending to $7 nm resolution (half period $3.5 nm). The image was reconstructed (shown in Fig. 5b ) from the speckle pattern with reliable phase retrieval down to 5 nm details. For the image reconstruction, we have binned the diffraction pattern to reduce each 7 Â 7 pixel array into one, effectively increasing the signal-to-noise ratio. The GuidedHIO algorithm was used for image reconstruction with an initial rectangular support (Chen et al., 2007) . Other recently developed reconstruction algorithms, such as OSS, were also used, with no notable difference in the reconstructed image (Rodriguez et al., 2013) .
In this experiment, we have demonstrated that single-shot diffraction imaging can be reliably carried out using the MAXIC. Furthermore, we could achieve a decent single-shot image resolution of 7 nm in all directions in the two-dimensional plane, faithfully providing isotropic resolution below 10 nm in a full two-dimensional image, distinguished from a partial high resolution along a preferential direction.
Single-shot diffraction for protein nanocrystallography
Experiments to collect single-shot diffraction data from serially loaded micrometre-sized protein crystals have been performed with the MAXIC using the liquid injector. The experiments were carried out in EH3 of BL3 at SACLA. The XFEL wavelength was fixed at 1.24 Å (10 keV) with less than 0.5% variation in the spectroscopic bandwidth without using a monochromator. The MPCCD SWD detector was attached directly to the MAXIC with a working distance of 60 mm from the sample position, to allow a maximum d spacing of 1.59 Å at the corner. The photon flux was about 10 11 per pulse at the sample position with a beam diameter of 1.5 mm, focused by the K-B mirrors. The nominal pulse width was less than 10 fs. The MAXIC was operated under He ambiance by capping the SWD detector with a Be window, allowing it to maintain its own vacuum.
Lysozyme protein crystals, several micrometres in size, were prepared for SFX and loaded by the liquid jet injector. Crystals were injected at a flow rate of 0.2 ml min À1 to produce a 20 mm-diameter liquid beam. With a sample concentration of more than 10 11 particles ml
À1
, we could attain a hit rate greater than 50% with distinct Bragg reflections. However, while such high hit rates are possible, this leads to diffraction from multiple crystals. The maximum hit rate for single particles remains less than 40%, as calculated by the Monte Carlo simulation mentioned previously .
The sample consumption is relatively high at this flow rate, which can be avoided using a liquid beam of smaller diameter. The current 3 mm-diameter liquid beam, for instance, at a typical flow rate of 20 ml min
, gives an order of magnitude lower sample consumption compared with a 20 mm-diameter liquid beam. Further improvements of the injector system to release the samples only when the X-ray pulse is available, sample-on-demand, would be critical to reduce wastage of crystals. Maximizing the hit rate is crucial to using the machine time efficiently.
A diffraction pattern obtained at room temperature from a lysozyme crystal of several micrometres is shown in Fig. 6 . The diffraction pattern extends to a d spacing of better than 2 Å , verifying that high-resolution serial crystallography experiments can be reliably performed with the MAXIC at SACLA. We have not noticed any blurring of diffraction signals due to radiation damage at this resolution, showing that å ngströ mresolution crystallography can be carried out to provide native room-temperature structures of the target proteins. We used the CrystFEL software (White et al., 2012) with a simple computer script to read data files from SACLA. Details of the data analysis for SFX are beyond the scope of this article and are not described here.
One complete structure determination requires many diffraction patterns, usually more than a million (Boutet et al., 2012) , which is similar to single-particle three-dimensional imaging (Fung et al., 2009) . Hence, it is essential to acquire single-shot diffraction patterns as efficiently as possible, with minimum loss of the sample and minimum use of machine time. XFELs operating at a high repetition rate, such as the European XFEL currently under construction (Altarelli et al., 2006) or other proposed facilities of a much higher rate, will help to alleviate some of this demand. At the same time, the development of a more advanced single-particle delivery scheme is also crucial.
Ultrafast pump-probe scattering
The ultra-short X-ray pulse duration inherent to XFELs, $10 fs for SACLA for example, provides a natural playground for ultra-fast structure study using the pump-probe technique. Ultrafast pump-probe scattering experiments can be performed in the MAXIC by introducing a high-power optical laser through a view port of the chamber. A chirped pulse amplifier (CPA) laser of 800 nm wavelength (pulse width 50 fs and pulse energy 2.5 mJ) was introduced into the diffraction chamber as a pumping source. A 50 mm-diameter focal area can be formed routinely to deliver a power density of up to $0.1 GW mm À2 at the sample. The optical laser is synchronized with the XFEL timing clock, and the delay time between the X-ray pulse and the optical laser pulse can be tuned to better than 1 ps resolution at the sample position, calibrated by observing the photo-bleaching effect in GaAs . Alignment of the optical laser to overlap with 1.5 mmdiameter focused X-rays is performed by burning a hole on the sample membrane with the X-rays and adjusting the optical laser position with reflection mirrors mounted on motorized stages. The whole process is observed throughout using the long working distance optical microscopes. With the introduction of the optical laser non-coaxially to the X-rays, the position needs to be verified intermittently to avoid possible misalignment caused by minute tilting of the sample plane, directional instability of the optical laser beam, and drifts of X-ray position and optical laser position over a longer time span. The pump-probe scattering experiment can also be performed on specimens loaded by an aerosol injector or a liquid jet injector, e.g. studying ultra-fast transient states of small molecules (Ihee et al., 2005) .
Summary and perspective
We have developed the multiple-application X-ray imaging chamber (MAXIC) as a generic platform on which various XFEL single-shot diffraction experiments can be performed. It was developed for experiments at SACLA using the MPCCD, but can be installed at other facilities without losing generality. Experiments carried out on the MAXIC have been introduced, including single-shot diffraction imaging and data collection for SFX. Single-shot imaging at an isotropic resolution below 10 nm, as a faithful two-dimensional resolution, was obtained from a 100 nm Au nanoparticle. The image resolution is contingent on the photon flux density, without the concern of radiation-induced sample distortion, owing to the ultra-short pulse length. For bio-imaging, a similar resolution Single-pulse diffraction pattern from a small lysozyme crystal, less than
has not yet been achieved, because the relatively weak scattering of X-rays requires a higher photon flux density.
Single-shot scattering characterizes the possibilities of intense and pulsed X-ray diffraction experiments with XFELs. X-ray photons delivered in pulses with widths on the femtosecond scale and near-complete spatial coherence offer unique benefits in the structural study of replica systems, ultra-fast transient phenomena etc. It may still be preferable to use synchrotron X-rays for tomographic three-dimensional imaging of cells or organelles, where structures are not generally formed identically (Nishino et al., 2009; Jiang et al., 2010) . However, nanoscale-resolution cellular dynamic imaging can be facilitated through analysing the structural changes within the significantly larger number of images obtainable from single shots, providing faithful statistics. We expect the MAXIC to be convenient for accommodating various XFEL single-shot diffraction experiments for the rapid expansion of the present boundary of structure investigations, in conjunction with ongoing developments in measurement techniques, apparatus and light source.
